The objectives of this study were to survey fish from state hatcheries in Indiana and Michigan and to compare the nested polymerase chain reaction (PCR) test with pepsin/trypsin digest (PTD) and histopathology for the diagnosis of whirling disease (WD). One group of 40 and 9 groups of 60 fish heads, for a total of 580 samples, were submitted from hatcheries in Indiana and Michigan. These samples were examined for myxozoan spores using histopathology, PTD, and PCR tests. The heads were hemisectioned, and one half was fixed in 10% neutral-buffered formalin for histopathologic examination. The other half was processed for PTD. Some of the sediment was examined for the presence of myxozoan spores, and the rest was prepared for the nested PCR. Histologic examinations did not reveal Myxobolus cerebralis in any of the 580 samples. One hundred serial step sections, taken at 5-m intervals, were evaluated for samples with positive spore identification by PTD. Histologic examination of these sections failed to reveal any myxozoan parasites. Myxozoan spores were observed in 16.9% (98/580) of samples in sediment after PTD. Spores morphologically similar to those of M. cerebralis were observed in 1.0% of PTD samples (n ϭ 6). The nested PCR indicated that M. cerebralis spores were present in 0.5% of samples (n ϭ 3). All 3 nested PCR-positive samples came from the same hatchery; however, spores of M. cerebralis were seen in 1 sample, spores of other myxozoan species were seen in the second sample, and spores were not seen in the third sample. When comparing the PTD to the nested PCR test, the PTD diagnosed 1 true positive, 5 false positives, 2 false negatives, and 572 true negatives, for a sensitivity of 33% and a specificity of 99.1%. Screening for M. cerebralis infection in this study indicated a low prevalence of the disease. Histopathology was a very insensitive indicator of WD. The PCR test was highly specific and was used to differentiate spores of M. cerebralis from similar spores of other species.
Whirling disease (WD) is a parasitic infection of salmonid fishes caused by Myxobolus cerebralis. The parasite was first identified in the USA in 1958, 11 but now it is well established in 22 states. 4 The parasite attacks the cartilage of the head and spine of juvenile trout, causing mortality either because of this damage or by reducing their ability to feed and avoid predators. Infections have resulted in a decline of salmonid populations in key habitats of the parasite. Myxobolus cerebralis is a listed pathogen in US federal legislation governing importation of salmonids. 10 The parasite has an indirect life cycle, with 2 complete spore-forming stages, 6, 9, 18 in the fish host and the other in the oligocheate host, Tubifex tubifex. Triactinomyxon spores (TAMs) released from T. tubifex worms have affinity for dermal tissue of the body, tail, gills, caudal fins, or mouth. TAMs attach to the dermal tissue when polar filaments are discharged into the epidermis. The sporoplasm cell invades the epidermal tissue, usually at the mucosal or goblet cells, 8 and starts multiplying and progressively migrating towards peripheral nerves by day 4 postinfection (PI). Further migration occurs towards the cartilage of the spinal cord and the brain by day 20 PI. Sporogonic development occurs in the cartilage at approximately 50 days PI, and spores are seen at approximately 92 days PI (3 months). 7 The invasion of the cartilage of young fish results in skeletal deformities, which lead to constriction and pressure on the brain stem and spinal cord, disrupting the neural control of swimming resulting in the characteristic whirling behavior of infected fish. Other common observations include blackened tail, cranial deformities, and increased mortality. The infected fish die as a direct result of the parasite or indirectly because of difficulty in feeding and avoiding predators. There is a variation of host susceptibility, for example the rainbow trout and Danube salmon are most susceptible, whereas brown trout and coho salmon are resistant. 4 Spores are released from tissues of infected fish after death. Spores are very resistant to environmental conditions. They can withstand temperatures from freezing to as high as 66 C, can pass through the gut of fish and birds, and have been recorded to survive in the sediment for up to 30 years. The spores are approximately 10 m in diameter and consist of 2 shell valves joined along a suture line.
Oligochaete worms ingest spores released from dead fish. Attachment of the spores to the intestinal epithelium of the worm occurs when the filaments in the polar capsules are discharged allowing for the spores to open and the sporoplasm to invade the mucosa. Schizogony, gametogony, and sporogony occur. TAMs develop approximately 3 months PI. 7 These worms are infected for life, can live for Ն2 years, and shed TAMs in a sporadic manner under the influence of environmental factors. Some worms are better hosts for the parasite than others.
Effective control procedures have not been devised for wild populations of salmonids. Procedures recommended for hatcheries include removing and incinerating infected or dead fish, disinfecting the ponds with calcium cyanamide, lime, or chlorine, and repopulating with fish from clean sources. The disease can also be controlled by the use of concrete-lined ponds and raceways, which eliminates the habitat of oligocheates. TAMs in water can be reduced by use of ultraviolet light treatment of hatchery water supply, and infected fish can be treated by using Fumagillin added to feed at 0.5 g/kg of feed for 2 weeks. 15 Diagnosis of the infection can be made by observing clinical signs, including skeletal deformity, blackening of the tail, and erratic swimming patterns (i.e., whirling), followed by demonstration of M. cerebralis spores in hematoxylin and eosin-stained histologic sections of cartilage tissue. Spores can also be detected following enzymatic digestion of cartilagenous tissue of the head. Newer DNA-based tests have been developed, including the single-round polymerase chain reaction (PCR), the nested PCR, 2 and the in situ hybridization test. 3 These methods are highly sensitive and specific but have not been tested extensively in field surveys and therefore are not yet recognized as standard tests. The objectives of this study were to survey fish from state hatcheries in Indiana and private hatcheries in Michigan for WD using the pepsin/trypsin digest (PTD) and histopathology and to compare the results of these tests with those of the nested PCR test.
One group of 40 and 9 groups of 60 fish heads (total of 580 samples) were submitted from 4 state fish hatcheries in Indiana and 1 private hatchery in Michigan. The samples were collected before the fish were released at Ͻ7 months of age, except in 1 group, which consisted of 4-6-year-old fish sampled during spawning. All the fish were Oncorhynchus mykiss (steelhead or rainbow trout). The heads were cut posterior to the gills and hemisectioned, and one half was fixed in 10% neutral-buffered formalin for histologic examination. These samples were processed using standard histology techniques. 13 Approximately 100 serial step sections, taken at 5-m intervals, were examined from samples that had positive spore identification based on the PTD. The slides were stained with hematoxylin and eosin and examined at high power. The other half of the head was processed for the PTD and the nested PCR test. The entire half of the head was processed for PTD for the smaller fish, but a biopsy sample was collected from the bigger heads from mature fish. The biopsy sample was collected from the top of the eye with a sterile disposable punch a and included cranium cartilage and parts of the gills. PTD 16 samples were soaked in water at 60 C for 30-60 minutes. All flesh was removed, and the cartilage and bone were macerated with a scissors and a scalpel (for small heads) or were homogenized in a blender b (for larger heads) with 5 ml of pepsin c solution (2.5 g pepsin, 2.5 ml HCl, and 500 ml H 2 O). The cartilage, bone, and gill fragments were incubated in pepsin solution at 37 C for 3 hours. The samples were centrifuged at 1,200 ϫ g for 10 minutes. The supernatant was discarded and replaced with 5 ml trypsin c in phosphate buffer at pH 8.5 and incubated at room temperature for 45 minutes (2,500 mg trypsin type I in 1 liter of buffer). The digested material was poured through cheesecloth to filter out the undigested particles. The fluid was centrifuged at 1,200 ϫ g for 10 minutes to pellet the material, which was resuspended in 1 ml phos-phate-buffered saline by vortexing. d Part of the sample (400 l) was saved for PCR, and 400 l of 10% buffered formalin c was added to the rest. A drop of the sediment from the digest was placed on slides and examined as a wet mount for the presence of myxozoan spores.
The nested PCR test was performed as previously described. 2 The DNA was extracted from 400 l of the PTD sample or from 100 l of a suspension of M. cerebralis spores (positive control) as previously described. 1 The sample was digested using lysis buffer containing proteinase K c (100 mM NaCl, 10 mM Tris, pH 7.6, 10 mM ethylenediaminetetraacetic acid [EDTA], 0.2% sodium dodecyl sulfate, 0.2 mg/ml proteinase K). The DNA was extracted by 2 treatments with phenol/chloroform and 1 treatment with chloroform, followed by DNA precipitation using sodium acetate (3 M, pH 6.9) and cold ethanol. The pellet was washed in ethanol, air dried, and resuspended in TE buffer (10 mM Tris, pH 8.0, 1 mM EDTA). The external primers used were Tr 5-16 and Tr 3-16, and the internal primers were Tr 5-17 and Tr 3-17. 2 The external primers amplified a 1,300-base pair (bp) fragment of the 18S ribosomal RNA (rRNA) gene, and the internal primers amplified a 415-bp fragment within this section of the gene. All the amplifications were performed in standard 50-l reaction volumes containing 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl 2 , 0.001% w/v gelatin (10ϫ Fisher buffer), 400 M dNTPs, 40 pmol of each primer, and 2 U Taq polymerase e in a thermal cycler. f For the first round of amplification, the external primers were used, and for the second round of amplification, 2 l of the primary amplification product was mixed with the internal primers and the PCR mixture. The PCR protocol was denaturation at 95 C for 5 minutes, 30 cycles of 95 C for 1 minute, 65 C for 2.5 minutes, and 72 C for 1.5 minutes, and elongation at 72 C for 10 minutes. The amplified products (10 l) were separated on a 1% agarose gel, stained with ethidium bromide, and visualized under ultraviolet illumination.
All the samples submitted were collected from apparently normal fish, and none of the samples had any gross lesions suggestive of M. cerebralis infection. Histologic examination did not show evidence of M. cerebralis infections in any of the 580 samples. PTD analysis showed the presence of spores of various myxozoan species in 16.8% of the samples, 0-40% prevalence per group. Diagnosis of M. cerebralis infection based on the morphology of spores was made in 1.0% of the samples (n ϭ 6). Histologic examinations of serial step sections of samples that had positive spore identification failed to reveal any myxozoan parasites. Diagnosis of M. cerebralis infection based on the nested PCR test was made in 0.5% of the samples (n ϭ 3, Table  1 ). Of the 6 samples diagnosed as positive for M. cerebralis by PTD analysis, only 1 was positive using the nested PCR test. Of the 3 samples that were positive using the nested PCR test, the corresponding PTD analysis indicated that 1 sample had a mixed infection of M. cerebralis and other myxozoans, the second sample was negative for M. cerebralis but spores of other myxozoans were seen, and the third sample was negative (no spores were seen). All 3 PCRpositive samples were from the same group, but only 1 of 6 PTD-positive samples was from this group. The other 5 PTD-positive samples were all from another group (Table  1) . When comparing the PTD to the nested PCR test, 17 the PTD results were 1 true positive, 5 false positives, 2 false negatives, and 572 true negatives ( Table 2) , for a sensitivity of 33% and a specificity of 99.1%.
WD has not been previously reported from Indiana 5 ; however, the results of this study indicate that the prevalence and intensity of infection are very low. Prevalence observed in this study was limited to 1 hatchery located in the northern region of the state. Endemic areas surround Indiana, and vigilance is needed to prevent the establishment of WD in the state.
Histologic diagnosis is based on the detection of characteristic lesions of M. cerebralis in the cartilage of salmonid fishes. The location and severity of lesions differ among different host species. The early lesions consist of foci of cartilage necrosis with small numbers of M. cerebralis developmental stages. Later, the lesions become multifocal, with numerous M. cerebralis developmental stages that may be surrounded by mono-and multinuclear leukocytes. The most common site of lesions is the ventral calvarium caudal to the pituitary glands underlying the saccus vasculosis. 4 Lesions can also be found in other locations, including the gill arches and the mandibular and maxillary cartilages. None of the fish in this study had detectable lesions, and therefore confirmatory diagnosis of WD could not be made based on histopathology, possibly because of a very low intensity of infection.
Current presumptive diagnosis of M. cerebralis infection is based on the isolation and identification of spores using the PTD test, followed by confirmatory diagnosis by observing the spores in cranial cartilage sections from infected fish. 13 The diagnosis of WD can be confused by the presence of other bacteria and parasites, including myxozoans. 14 Myxobolus cerebralis is 1 of 453 species of Myxobolus found in fish, 12 some having spores of similar morphology and size. The spores of M. cerebralis are ellipsoid, ovoid, or subspherical in vulvular view or biconvex in sutural view. They have 2 polar capsules located close to each other that are bilaterally symmetrical, located in the apex of the spore set in a sutural plane, without projections, and with a straight suture line. The spores are 7.4-9.7 m long, 7-10 m wide, and 6.2-7.4 m thick. 12 Spores of M. arcticus, M. cartilagenous, and M. cerebralis are very similar in morphology and size. These 3 species are found in cartilaginous tissue; M. arcticus has been reported from the spinal cord and brain of salmonid fishes, and M. cartilagenous occurs in the head cartilage of blue gill (Lepomis macrochirus) and largemouth bass (Micropterus salmoides). Spores of M. squamalis occur in the scales of salmonids in the western USA, and lesions of M. kisutchi are found in the central nervous system (CNS). Spores of both of these species are the same size as those of M. cerebralis. The lesions of M. neurobius are also found in the CNS, but the spores are larger than those of M. cerebralis. In this study, spores of several myxozoan parasites were seen, and 5 samples had spores similar to M. cerebralis of which only 1 was diagnosed as M. cerebralis using the nested PCR test. The nested PCR test was developed to detect the presence of M. cerebralis spores with a high level of sensitivity and specificity, 2 which was evaluated against 4 common myxosporeans that infect salmonid fishes.
The nested PCR test used in this study was engineered for high specificity by incorporating primers designed to amplify only M. cerebralis 18S rRNA sequences. 2 The test is also very sensitive because the nested technique avoids the interference of host DNA commonly seen in single-round PCR tests. The nested PCR test was not affected by the presence of 300 ng of host DNA and could be used to detect a low level of infection as early as 2 hours PI. Therefore, this test can be used to diagnose low levels of infection that could not be diagnosed with either PTD or histopathology. In this study, the nested PCR test was used to diagnose 3 positive samples that could not be diagnosed by either PTD or histopathology. Further, it correctly identified the 1 sample with M. cerebralis infection in a group of 6 samples that had similar spores and differentiated the true positive from the false positives generated by the PTD test.
A single-round PCR test developed for the detection of M. cerebralis detected many more positive samples than did the PTD test. A total of 279 fish from 42 sites were collected for the diagnosis of M. cerebralis in the Yellowstone Lake area and were evaluated using histopathology, PTD, and the nested PCR tests. The PTD test identified 28 infected sites, the nested PCR identified 12 sites, and histopathology identified 5 infected sites (C. Hudson and D. Mahony, unpublished data). These observations indicate the higher sensitivity of both the single-round and the nested PCR tests.
These newer DNA-based tests have higher sensitivity and specificity, as confirmed under experimental conditions, but they have not been evaluated extensively using field samples originating from areas of different WD prevalence. As these tests are used more frequently, their validity will become more apparent. Approaches to the diagnosis of WD should be standardized to allow for comparisons from state to state so that the negative impact of WD can be identified. This information is essential for making management decisions regarding stocking and fish transport activities. Knowledge of WD distribution will help in the conservation activities for valuable stocks of fish and prevent inadvertent introduction of undiagnosed infected trout into uninfected areas.
